Alkylresorcinols (AR), phenolic lipids exclusively present in the outer parts of wheat and rye grains, have been proposed as concentration biomarkers of whole-grain wheat and rye intake. A key feature of a good biomarker is high reproducibility, which indicates how accurately a single sample reflects the true mean biomarker concentration caused by a certain intake. In this study, the short-to medium-term reproducibility of plasma AR was determined using samples from a crossover intervention study, where men with prostate cancer (n ¼ 17) were fed rye whole-grain/bran or refined wheat products for 6-wk periods. AR homologs C17:0 and C21:0 differed between the treatments (P , 0.001). The reproducibility determined by the intraclass correlation coefficient (ICC) was high (intervention period 1:
Introduction
Alkylresorcinols (AR) 6 (1,3-dihydroxy-5-alkylbenzene derivatives) are phenolic lipids found in high concentrations exclusively in the outer parts of wheat and rye grains among commonly consumed foods. The most common derivatives in wheat and rye are AR homologs with an odd carbon number in the alkyl chain (usually in the range of C17:0-C25:0). The AR C17:0/C21:0 ratio has been shown to reflect the source of whole-grain products in foods, with a ratio of 1.0, 0.1, and 0.01 indicating rye, common wheat, and durum wheat, respectively (1,2). AR in plasma have been proposed as a concentration biomarker of whole-grain intake and the plasma C17:0/C21:0 ratio has been suggested as a tool to differentiate wheat and rye intake (3) (4) (5) . AR are absorbed to a great extent (;60%) and delivered to the lymphatic system in the upper gastrointestinal tract and transported in the blood mainly in lipoprotein fractions and in erythrocyte membranes (3, 6, 7) . AR have been detected in adipose tissue of rats, suggesting that they, like many other lipophilic substances, are accumulated in adipose tissue (3, (8) (9) (10) . The elimination of AR is mainly through hepatic metabolism and subsequent urinary excretion (55-85% of a given dose) of 2 polar metabolites [3,5-dihydroxybenzoic acid and 3-(3,5-dihydroxyphenyl)-propanoic acid] (11) . Both daily metabolite excretion and AR concentration in fasting plasma samples have been shown to increase in a dosedependent manner after ingestion of AR and to reflect recent intake (4) (5) (6) 11) .
No study, to our knowledge, has estimated plasma AR reproducibility during intervention or free-living conditions. The reproducibility determines the number of samples needed to reflect the mean AR concentration caused by the individual's usual whole-grain intake and is determined by the frequency of individual intake, absorption of the biomarker from the intestine, and the half-life of the biomarker in plasma and various tissues (12) . In practice, a high reproducibility means that few repeated samples (minimum 1 sample) are required to accurately reflect the participant's usual whole-grain intake (13, 14) . A biomarker with poor reproducibility requires a large number of samples and can lead to biased estimates of biomarker-disease associations (15) . The reproducibility can be determined by the intraclass correlation coefficient (ICC), which is defined as follows: (16) . The utility of plasma AR as concentration biomarkers is characterized by high specificity, but no study, to our knowledge, has reported their short-term or long-term reproducibility. In this study, the aim was to investigate the effect of very high AR intakes on fasting plasma AR concentration and to assess shortterm (6 wk) reproducibility under intervention conditions where intake was kept constant. In addition, the number of samples required to determine the individual's mean fasting AR plasma concentration during the intervention periods were estimated.
Materials and Methods
Participants and design. This study formed part of a study examining the effect of a diet rich in rye whole-grain/bran on a prostate cancer biomarker, prostate specific antigen. Men (n ¼ 17) with clinically diagnosed prostate cancers completed the study, which was carried out on an out-patient basis in a randomized non-blind crossover design with 2 6-wk intervention periods (rye whole-grain/bran or refined wheat) separated by a 2-wk washout period. All participants received both treatments and were nonsmokers and reported no use of dietary supplements or medications. Their age was 73.5 6 4.6 y (mean 6 SD) and their BMI was 27.5 6 4.6 kg/m 2 . Single blood samples were taken before and between treatment periods and 3 times during each treatment (after 2, 4, and 6 wk). The entire study protocol was approved by the local ethics committee in the Uppsala region.
Diet and AR intake. Participants were instructed to keep their habitual diet except for cereal and table spread products, which were replaced by products provided by the study (intervention foods). During each treatment, participants were asked to include intervention foods as part of their breakfast, lunch, dinner and 2-3 snacks/d. The intervention foods consisted of 300 g/d bread (3 pieces), 100 g/d crisp bread (10 pieces), 50 g/d breakfast cereals, 33 g/d porridge (uncooked), and 58 g/d table spread. No other cereal-based products such as bread, bakeries, porridge, or table spread were allowed during the treatment periods. Participants were instructed to consume all intervention foods and to keep leftovers, if any. Rye whole-grain/bran products and refined wheat products, for the respective treatments, were provided by WasaBrö d and Lantmä nnen. Food products were specially designed for the purpose of the present study with the aim of providing the same macronutrient intake (Tables 1 and 2) . To obtain the same fiber content in intervention foods for both treatments, purified wheat cellulose (Vitacel) was added to the refined wheat products.
Before the study and during each treatment, participants conducted 4-d weighed food records to check compliance and to allow calculation of nutrient and total energy intake. The reported difference between distributed and consumed intervention foods at the end of each treatment was used as an additional check of compliance. Nutrient and energy intake were calculated from intervention product labels and by using the food database from the Swedish National Food Administration (PC-Kost 1.99, SLV) and the software program MATs 4.05 (Rudans Lä ttdata). All intervention foods were analyzed for total AR content and relative homolog composition by the methods described briefly below. Mean daily AR intakes during the intervention periods were estimated from advised intervention food intake ''by disappearance'' (the difference between the intervention foods distributed to participants and any remaining foods after treatment) and by self-reported 4-d weighed food records. AR intake from 4-d weighed food records was calculated by using data from intervention foods analyzed, and, in a few cases, matching reported products to a corresponding product analyzed before.
Blood sampling. Blood samples (in total 8 per participant) were collected as fasting samples before and after 2, 4, and 6 wk in each treatment period. Blood drawn from an antecubital vein was collected in EDTA-coated vacuum tubes and immediately centrifuged (2000 3 g; 10 min at 4°C) to separate plasma and erythrocytes. Plasma samples were portioned into 2-mL cryotubes and stored at 280°C until analysis. Plasma samples were available for all individuals but one, for whom 2 samples during the wheat product intervention period were missing.
Analytical methods. In foods, AR homologs C17:0, C19:0, C21:0, C23:0, C25:0, their sum (total AR), and the AR C17:0/C21:0 ratio were determined quantitatively by a GC method described in detail elsewhere (17) . In brief, samples were milled, extracted with hot 1-propanol:water mixture (3:1, v:v), and analyzed by GC without any further purification or derivatization using methyl behenate as internal standard. Samples were analyzed in 1 batch and a control sample was included (n ¼ 3) to estimate the within-batch precision. The precision of the analysis, determined as the CV, was ,10%.
The plasma AR concentration was analyzed by a GC-MS method described recently (18) . Homologs C17:0, C19:0, C21:0, C23:0, C25:0, their sum (total AR), as well as the AR C17:0/C21:0 ratio were determined. In brief, 200 mL plasma was mixed with internal standard (AR C20:0, ResaChem; 15 mL, concentration 1 mg/L) and extracted with diethyl ether (3 3 3 mL). Extracts were combined, evaporated, resuspended in methanol (1 mL), and purified on OASIS-MAX solid phase extraction cartridges. Eluted AR were derivatized to trimethylsilaneethers and analyzed by GC-MS in SIM-mode. All samples were analyzed as single samples. Based on 5 control samples included in every batch, the estimated within-batch variation was ,8% and the between-batch variation was ,10% for total AR concentration.
Statistical analysis. Statistical analyses of the effect of dietary interventions on plasma concentrations of AR homologs C17:0, C19:0, C21:0, C23:0, C25:0, their sum (total AR), and the AR C17:0/C21:0 ratio were performed with ANOVA appropriate for crossover design (19) . Treatment sequence, patient nested within sequence, period, and treatment were included as factors in the model. Because the residuals from the analyses were extremely skewed for the variables C19:0, C21:0, C23:0, and total AR, logarithmic transformations of the data were made before statistical analyses. Carryover effects were evaluated by comparing the treatment sequences with patient nested within sequence as error term. These tests were 2-sided and performed at the 10% significance level. If the carryover effect was significant, the treatment effect was only analyzed for the first dietary period with an ANOVA model for parallel group design. The carryover effects were significant for C19:0, C21:0, C23:0, and total AR and, hence, these variables were only analyzed for the first period, whereas the other variables (C17:0, C25:0, and C17:0/ C21:0 ratio) were analyzed with the model described previously. The treatment effects were evaluated using mean values for variables within each treatment period and the tests were 2-sided and performed at 5% significance level. The statistical analyses were performed with the procedure GLM in the statistical program package SAS v 9.1 (SAS Institute). Values reported are means 6 SD unless otherwise stated. The within-subject variance (s 2 W ) and the between-subject variance (s 2 B ) components were estimated by a 1-way random-effect ANOVA model (using Proc Mixed). The within-subject and between-subject CV were determined as the square root of the respective variance components divided by the overall mean, multiplied by 100. ICC were calculated by the formula (s ] for each intervention period using the estimated variance components. The number of repeated samples required to estimate a participant's mean plasma total AR concentration for a certain intake with a certain precision given in percent (D) was calculated using the following formula (20) :
, where a Z-value of 1.28 was used (corresponding to CI 80%).
Results
All participants completed the study and complied well with the advised foods, as confirmed by agreement between the advised intervention food intake and the actual intake, determined as the difference between provided and reported remaining food products, and by food records (Tables 1, 2, and 3) . The daily intake of total AR estimated from food records was 552 6 65 mg/d during the rye whole-grain/bran treatment and 8.2 6 2.0 mg/d during the refined wheat product treatment (Table 3) . Energy intake did not differ before and after treatments and participants remained weight stable throughout the study (data not shown). The total AR plasma concentration was 991 6 794 nmol/L during the rye whole-grain/bran product treatment and 75 6 92 nmol/L during the refined wheat product treatment (Table 4) . Plasma total AR concentration was higher at washout and during the refined wheat product treatment period for participants starting with rye whole-grain/bran products (Fig.  1C) and there were carryover effects (P , 0.10) for plasma C19:0, C21:0, C23:0, and for total AR concentrations. Due to the carryover effect, only plasma AR concentrations from the first study period were compared for evaluation of the treatment effect for these variables. Despite this, the plasma total AR concentration during the rye whole-grain/bran product treatment differed from that during the refined wheat product treatment (P , 0.001). There was no carryover effect for plasma AR homologs C17:0 and C25:0, which were both in higher concentration during the rye whole-grain/bran product treatment compared with the refined wheat product treatment (P , 0.0001). The AR C17:0/C21:0 ratio was higher (P , 0.0001) during the rye whole-grain/bran product treatment (0.65 6 0.24) than during the refined wheat product treatment (0.27 6 0.22) ( Table 4 ; Fig. 1D ).
The within-subject variations of plasma AR concentration were estimated to be 11 and 9% (in the range 4-47%) and the between-subject variations 33 and 25%, for the 2 study periods, respectively ( Table 5 ). The ICC was .0.85 for both study periods with narrow 95% CI ( Table 5 ). Only 1 sample was needed to estimate the steady-state plasma total AR concentration in these participants on constant whole-grain/bran intake with a precision of 20% at the confidence level of 80% and 2 samples are needed at the 95% confidence level (Table 5 ). For higher precision (5-10%), 2-19 samples are needed at the same confidence levels and the estimated number of samples required was slightly different between the 2 study periods (Table 5 ).
Discussion
We previously showed that plasma AR can serve as short-to medium-term concentration biomarkers for whole-grain wheat and rye intake (5, 6, 11) . In the present study, plasma AR concentrations were analyzed 3 times during 6-wk intervention periods of rye whole-grain/bran or refined wheat products in men with prostate cancer to determine the short-term reproducibility of plasma AR concentrations in participants with constant intake.
As expected, plasma AR increased during the 6-wk rye whole-grain/bran intervention (P , 0.001), reaching an apparent steady state after 2 wk of intervention (Fig. 1) , as evidenced by a short half-life of 4-5 h and regular intake (11, 21) . Higher plasma AR concentrations in the refined wheat product treatment of the group starting with rye whole-grain/bran products compared with the group starting with refined wheat products (Fig. 1C) explained the significant carryover effect observed for some AR homologs (C19:0, C21:0, and C23:0) and of plasma total AR concentration. This implies that AR were accumulated in different tissues representing various AR pools with a slower turnover rate during the rye whole-grain/bran product treatment and then subsequently released back to the plasma during the refined wheat product treatment. A 2-wk washout period is thus too short to completely empty pools of accumulated AR. The higher plasma AR concentration during refined product treatment in the second period could also have been due to inadequate compliance, but this was not supported by food records, which showed good compliance (Table 1 ; Fig. 1A ).
The plasma AR C17:0/C21:0 ratio in the present study differed between treatments (P , 0.0001), which is consistent with previous results (4-6). Linko-Parvinen (7) suggested that a high plasma AR C17:0/C21:0 ratio (.0.6) together with a high plasma AR concentration (.200 nmol/L) indicates a major intake of whole grain from rye, whereas a low ratio (,0.2) in combination with a low plasma AR concentration (;35 nmol/L) is indicative of high intake of refined wheat. In principle, this statement is confirmed by the results of the present study, where the C17:0/C21:0 intake ratio was higher in the whole-grain/bran rye diet (;1.1) and slightly lower in the refined wheat diet (;0.15) compared with the ratios in plasma after consumption of corresponding diets (0.65 and 0.19, respectively), suggesting that nondietary factors such as differences in AR homolog pharmacokinetics seem to affect the plasma ratio (21) . These factors need to be explored more before the proportion of consumed whole grains from different sources can be estimated from the AR C17:0/C21:0 ratio in plasma.
Simulation of plasma AR concentration based on a model (11) fitted to single-dose pharmacokinetic data (21) suggested considerable fluctuation in plasma AR concentration at steady state when consuming AR 3 times daily because of the short halflife (4-5 h) (data not shown). This suggests that time since the last whole-grain meal and frequency of intake are critical factors affecting the within-subject variation in AR plasma concentration and hence the possibility to accurately estimate the habitual intake of a participant. However, the present study showed that the within-subject variation was small (estimated at 9 and 11% for the respective periods) despite the apparent short elimination half-life for plasma AR. As a result, estimated ICC values were high for both periods. The low within-subject variation found in the present study is probably a result of the frequent and regular whole-grain intake (.3 times daily) and it appears that regular daily whole-grain intake compensates for the short half-life and gives high reproducibility in fasting plasma AR concentrations, which is a prerequisite for a reliable biomarker (12) . As expected, the between-subject variation in plasma AR concentration (;30%), which reflects differences in intake, absorption, distribution, and elimination, was higher than the within-subject variation (;10%). Both within-and betweensubject variation in the present study were lower compared with what was estimated for enterolactone (ENL) (suggested as a biomarker of plant food intake) under intervention conditions with constant intake (14, 22) and in free living participants (23, 24) . In a 3-way crossover study by Kuijsten et al. (22) where foods with controlled lignan content were given 2 times/d during 10-d long treatment periods, the between-and within-subject variation of ENL was estimated at 46-95% and 35-49%, respectively, somewhat depending on the lignan bioavailability in administrated foods. In another intervention study with constant lignan intake 3 times/d for 3 d, the between-and withinsubject variance components were estimated at 72 and 56%, respectively (14) . The lower between-subject variation observed for AR is probably due to the fact that there are only a limited number of significant determinants for plasma AR concentration (R. Landberg, A. Olsen, A. Kamal-Eldin, P. Å man, and A. Tjønneland, unpublished data), whereas a number of dietary and nondietary factors determine plasma ENL concentration (25, 26) . The low within-subject:between-subject variance ratio resulted in somewhat higher ICC compared with what was estimated for ENL under intervention conditions (14) . Due to the high ICC, only 1-2 fasting plasma samples were needed to estimate the mean plasma AR concentration of a 6-wk period with constant intake with 20% precision at a confidence level of 80-95%. For ENL under intervention conditions with constant intake, 5 repeated samples were calculated to be necessary to estimate an individual's mean serum concentration with 50% precision at a CI level of 95% (14) . Two studies in free-living participants estimated that 3 repeated samples were needed to asses the mean ENL concentration with the same precision but at the CI level of 80% (13, 24) . Because a significant carryover effect was observed for some AR homologs in the present study, the ICC determination for the first period is probably a more correct estimate, because the estimate for the second period might be partly biased by the carryover effect.
Under conditions similar to those in the present study and using the variance components estimated, any observed association between AR concentration determined by a single sample and endpoint (or variable measured without measurement error) would be underestimated by 6%. To compensate for this underestimation caused by the error of using a single biomarker measurement, the number of participants would need to be increased by 12% as calculated by formulae given in the literature (16, 27, 28) .
The reproducibility shown in this intervention study with constant intake was high and is expected to be lower in a freeliving population where the variation in AR intake is larger. However, AR are typically found in food items consumed regularly, such as bread and breakfast cereals. As highlighted by van Dam and Hu (29) , the long-term reproducibility in population-based material remains to be determined to evaluate the accuracy of plasma AR concentrations as biomarkers for whole-grain wheat and rye intake and their usefulness in ranking the free-living population on the basis of whole-grain wheat and rye intake in epidemiological studies. When the long-term reproducibility of the biomarker has been estimated, it could be used to compensate for attenuation in relations between biomarker measurement and estimated disease risk caused by the misclassification inherent in the measurement error of a single biomarker measurement (30) .
In summary, measurement of plasma AR concentrations showed excellent reproducibility under intervention conditions, i.e. when the AR intake was controlled and kept constant. One fasting sample reflected the mean short-term (6-wk) concentration of the biomarker. However, the reproducibility of plasma AR as biomarkers of whole-grain wheat and rye intake in freeliving individuals, where the intake is expected to vary between days, remains to be determined.
